In vitro cardiovascular disease models need to recapitulate tissue-scale function in order to provide in vivo relevance. We have developed a new method for measuring the contractility of engineered cardiovascular smooth and striated muscle in vitro during electrical and pharmacological stimulation. We present a growth theory-based finite elasticity analysis for calculating the contractile stresses of a 2D anisotropic muscle tissue cultured on a flexible synthetic polymer thin film. Cardiac muscle engineered with neonatal rat ventricular myocytes and paced at 0.5 Hz generated stresses of 9.2 AE 3.5 kPa at peak systole, similar to measurements of the contractility of papillary muscle from adult rats. Vascular tissue engineered with human umbilical arterial smooth muscle cells maintained a basal contractile tone of 13.1 AE 2.1 kPa and generated another 5.1 AE 0.8 kPa when stimulated with endothelin-1. These data suggest that this method may be useful in assessing the efficacy and safety of pharmacological agents on cardiovascular tissue.
Introduction
Muscle in the cardiovascular system pumps blood and regulates vascular resistance, qualifying the contractile function of these tissues as critically important in development and disease. Currently however, there is no simple and repeatable method for measuring functional mechanical output of cardiovascular (CV) muscle cells in vitro that can be compared with traditional biochemical assays of protein and gene expression. Tissue engineered CV muscle provides a high-fidelity means of studying their diseases and potential therapeutic interventions. Recent reports demonstrate the ability to organize muscle cells into CV tissues that recapitulate a broad range of in vivo functions. Kleber and colleagues [1, 2] first developed patterned cell cultures of ventricular myocytes to study the physics of excitation wave front propagation through custom designed microenvironments. These studies were the first attempts to recapitulate the ventricular microarchitecture in vitro. Later, the application of soft lithography techniques to building 2D anisotropic monolayers of ventricular myocytes by Tung and colleagues [3, 4] allowed for higher fidelity studies of action potential propagation.
Comparable approaches, such as growing ventricular myocytes on grooved substrata, have allowed for studies on calcium metabolism in anisotropic cultures [5] . Similarly, vascular smooth muscle cells have been patterned into fibrils and aligned monolayers using grooved substrates [6, 7] to control muscular alignment and differentiation. However, efforts to adapt the same culture methods to measure contractility have yet to emerge due to isometric constraint to a rigid or semi-rigid substrate. Three-dimensional cardiac [8, 9] and vascular [10] [11] [12] tissue engineering techniques enable stress measurement, but require physical attachment to force transducers and cannot direct microscale aligned tissue structure. Thus, we sought to combine the repeatable structures of previous 2-D techniques with the stress measuring capabilities of recent 3-D systems.
Previously, we reported on a muscular thin film (MTF) technique that enables cardiac muscle monolayers, engineered on a thin, flexible 2-D substrate, to undergo 3-D deformation [13] . The MTF is a bilaminate of polydimethylsiloxane (PDMS) and a cell monolayer, whose stress state is indicated by its radius of curvature. To determine the stress in the cell layer, we have developed a new elasticity based analysis that is more accurate and robust than previous analyses [13] [14] [15] , enabling concurrent measurement of the orthotropic contraction stress in the muscle and the stress-free shortening that the muscle would undergo if unconstrained. Additionally, we build on the MTF technique by expanding to vascular smooth muscle to create microstructured CV tissues in vitro and directly measure stress generation due to electrical and pharmacological stimulation.
Methods

Micropatterned substrate and muscular thin film fabrication
Muscular thin films (MTFs) were fabricated via a multi-step spin coating process [13] . Briefly, poly(N-isopropylacrylamide) (PIPAAm, Polysciences, Inc.) was dissolved in butanol and spin coated onto 25 mm diameter glass cover slips. Sylgard 184 (Dow Corning) polydimethylsiloxane (PDMS) elastomer was spin coated on top of the PIPAAm, then cured at 65 C for 4 h. In some cases, the PDMS was doped with 0.2 mm fluorospheres at a concentration <0.01% by volume. Every third sample was retained for subsequent thickness measurement of the PDMS layer using a stylus profilometer (Dektak 6M, Veeco Instruments, Inc.). Microcontact printing of extracellular matrix (ECM) proteins was used to spatially encode guidance cues that direct the self-assembly of chemically disassociated muscle cells into tissue monolayers. ECM proteins fibronectin (FN) or laminin (LAM) were micropatterned onto the PDMS as lines. To micropattern ECM, PDMS stamps with uniformly spaced ridges (10 mm wide ridges spaced by 10 mm, or 20 mm wide with 20 mm spaces) were used to transfer ECM to the PDMS surface creating ECM lines of according size. For anisotropic cardiac myocyte patterns, 2.5 mg/mL of FN in DI water was incubated on the cover slip surface for 15 min. For the immunostained samples to assess cytoskeletal structure, PDMS coated cover slips were fabricated using the identical process except the layer of PIPAAm was omitted.
Cardiomyocyte harvest, seeding and culture
Neonatal rat ventricular myocytes were isolated from 2-day old neonatal Sprague-Dawley rats based on published methods [16] . Briefly, ventricles were extracted and homogenized by washing in Hanks balanced salt solution followed by digestion with trypsin and collagenase with agitation overnight at 4 C. Cells were re-suspended in M199 culture medium supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS), 10 mM HEPES, 3.5 g/L glucose, 2 mM L-glutamine, 2 mg/L vitamin B-12, and 50 U/ml penicillin and seeded on anisotropically patterned FN at a density of 1 million cells per cover slip. Samples were incubated under standard conditions at 37 C and 5% CO 2 . Media was exchanged with maintenance media (2% FBS) every 48 h until use. The MTFs were cultured for a period of 4-6 days and then used in the contractility assay. All procedures were approved by Harvard animal care and use committee.
Vascular smooth muscle cell seeding and culture
Human umbilical artery vascular smooth muscle cells (VSMCs) in passage 3 (Lonza) were cultured in growth medium, of M199 culture medium supplemented with 10% FBS, 10 mM HEPES, 3.5 g/L glucose, 2 mM L-glutamine, 2 mg/L vitamin B-12, 50 U/ml penicillin and 50 U/ml streptomycin. Passages 5-7 were used for all experiments. VSMCs were seeded on MTFs on a 10 Â 10 LAM line pattern at 25,000 cells/ cm 2 . After seeding, samples were incubated in growth medium for 48 h and then for an additional 48 h in serum free medium to induce a contractile phenotype [17] .
Muscular thin film contractility assay
To release the MTFs, cover slips were removed from the incubator and transferred to a Petri dish filled with 37 C normal Tyrode's solution (1.192 g of HEPES, 0.901 g of glucose, 0.265 g of CaCl 2 , 0.203 g of MgCl 2 , 0.403 g of KCl, 7.889 g of NaCl and 0.040 g of NaH 2 PO 4 per liter of deionized water). The Petri dish was placed on a stereomicroscope (Model MZ6 with darkfield base, Leica Microsystems, Inc.) and rectangles w2.5 mm wide and 7 mm long were cut out using a straight-blade razor with tissue aligned longitudinally. Cooling the Tyrode's solution to room temperature caused the PIPAAm to dissolve, releasing the MTF from the cover slip into solution.
For cardiac MTF studies, individual MTFs were transferred to a 35 mm Petri dish filled with Tyrodes solution in a custom-built organ bath system (Fig. 1A) . The MTFs were mounted in a PDMS clamp (w5 Â 5 Â 10 mm) to firmly hold them in place during rapid movement. Parallel platinum wire electrodes spaced w1 cm apart were lowered directly into the Petri dish. Digital video of MTF contractions was recorded and an external field stimulator (Myopacer, IonOptix Corp.) was used to apply a 10 ms duration square waves between the electrodes at 0.5 Hz at a voltage 10% greater than that required to induce contraction. The digital video was converted to a binary skeleton representation using ImageJ and then loaded into MATLAB (Mathworks, Inc.) where the average radius of curvature was found and used to calculate the stress generated by the engineered myocardium for each video frame ( Fig. 1B -D, Movie S1). Spontaneous contractions usually initiated at the free end of the cantilever, and propagation in anisotropic cardiac MTFs was tracked using image processing code written in MATLAB. Briefly, a spline curve was generated for each video frame of the contracting MTF and the radius of curvature for each point along the MTF was calculated. The position of maximum curvature (smallest radius of curvature) was identified and considered to be the location of the mechanical wave front. Velocity of the mechanical wave was determined as the distance traveled along the MTF from initiation of contraction until the wave stopped propagating.
For vascular MTF studies, multiple MTFs were transferred to a custom designed 35 mm Petri dish ( Fig. 1E ) filled with Tyrode's solution. The Petri dish was fitted with eight stainless steel posts coated with polytetrafluoroethylene (PTFE) to which the MTFs adhered via hydrophobic interactions ( Fig. 1F ). In this setup, up to eight MTFs can be observed concurrently. Films were arranged such that, when viewed from above, the film appears as the arc of a circular sector. Here, because the PDMS layer was doped with fluorospheres, the MTFs could be observed using a Zeiss Lumar stereomicroscope (Carl Zeiss) in both brightfield and fluorescence. The Tyrodes solution was maintained at 37 C for the duration of the experiment. Vascular MTFs were treated with endothelin-1 (ET-1), a natural vasoconstrictor [18] , and HA-1077, a rho-kinase inhibitor [19] , to demonstrate that engineered VSM tissue recapitulates natural muscle function. Following the experiment, the fluorescent images were postprocessed using MATLAB.) to isolate the MTFs and the thresholded images of the MTFs were fit with circles, indicating their radii of curvature.
Mechanical analysis of MTF bending
MTF bending during muscle contraction (i.e. the change in curvature of the MTF) acts as a readout and correlates directly to the mean cross-sectional stress generated by the cells. To calculate this stress, we consider the MTF a two-layer plane strain beam. One layer is made up of the passive PDMS, while the other is made up of cells that undergo contraction based on the method for finite volumetric growth of Rodriguez et al. [20] , as modified by Ramasubramanian and Taber [21] This method assumes that if the muscle cell and PDMS layers of the thin film were decoupled ( Fig. 2 ), the cells would undergo a stress-free deformation, characterized by shortening along their long axes, l a . When attached to the PDMS substrate, this contraction results in cell stress and substrate bending. We calculate the value of l a that is necessary to produce a stress sufficient to bend the MTF to the observed curvature.
Radius of curvature
For the vascular MTF post assay, the radius of curvature (r m ) of the MTF is found from the circular fit. For the cardiac MTF clamp assay, the films do not always have a uniform radius of curvature, so we fit a 2nd order polynomial to the skeletonized image such that
best fits the geometry, where a, b and g are constants. Local curvature is taken as
The measured radius of curvature (r m ) is taken as the inverse of the average curvature of the fit along the film's length.
Deformation
We assume that the MTF is a two-layer beam that undergoes shear free bending due to contraction of one layer. The uncontracted stress-free configuration is assumed to be a straight beam; the deformed configuration is a sector of a cylinder ( Fig. 2A) . The deformed geometry is given as
where k and l are constants. The total deformation gradient tensor is given by
We let both the cell and PDMS layers be incompressible, i.e. the volume ratio,
where C is a constant. Since
We assume that our system is plane strain, i.e. l z ¼ 1, so substituting Eqs. (4) and (5) into Eq. (3) yields the total deformation gradient tensor F ¼ diagð1=kr; kr; 1Þ. This is the deformation that is measured optically in the MTF assay.
Contraction
Stress is calculated as a function of the elastic deformation (F e ¼ diag(l er , l eq , l ez )), defined as ( Fig. 2B )
where the active deformation is defined as Fa ¼ diagðl À1 a ; l a; 1Þ for the muscle layer, where l a is the deformation of stress-free contraction, and F a ¼ I for the PDMS.
So, if the two layers were decoupled, the cells would shorten axially by a stretch ratio of l a , while thickening radially by a stretch ratio of l a À1 , and the PDMS layer would not deform (Fig. 2B ).
Constitutive laws
Cauchy stress is a function of elastic deformation and is defined as
where i ¼ r,q,z, W is the strain energy density function, and p is a Lagrange multiplier.
Both the PDMS and cell layers are considered Neo-Hookean materials with strain energy density functions in the form.
where I e1 is the first strain invariant of the elastic deformation and m is the shear modulus, which in an incompressible material is equal to (1/3) Â Young's Modulus.
Here we use a simple strain energy density function. However, more complex forms can be used to capture the change in apparent modulus with increased contraction [22] . The stress generated in the cell layer is the key value obtained from this assay and can be compared directly across samples.
Mechanical equilibrium
The deformed MTF is in radial and moment equilibrium, given by vsr vr þ s r À s q r ¼ 0;
Z ro r s q rdr ¼ 0:
where the boundary conditions are s r (r i ) ¼ s r (r o ) ¼ 0. The measured radius of curvature r m (Eq. (3)) is assumed to be the midline of the MTF, such that
where h is the deformed thickness of the MTF. After substitution, this leaves two equations, Eqs. (9) and (10), and two unknowns, l a and h. The beam thickness was discretized into twenty transmural points and the equilibrium equations were solved by numerical integration. The unknowns (l a and h) were determined by Nelder-Mead minimization, using MAT-LAB (Mathworks). Stress reported is the mean stress of all radial points between r i and r j ( Fig. 2A) . The PDMS layer is a thin beam, whose radius of curvature is much greater than its thickness. So, the true deformation of the cell layer is very small (<1% shortening). Therefore, the stress calculated here is equivalent to that of an isometric tension test [23] . At the same time, l a represents the shortening that the muscle would undergo if it was unconstrained. Therefore, if appropriate material parameters are chosen for the cell layer, l a can be compared to muscle shortening experiments [24] .
Staining and imaging of cytoskeletal architecture
PDMS coated cover slips with 2D muscle tissue were fixed and stained at time points concurrent with MTF experiments in order to compare cell structure with contractile function. Tissues were fixed with 4% paraformaldehyde and 0.25% Triton X-100 and then fluorescently stained. For the VSMCs, LAM patterning was stained with anti-laminin primary antibody (Sigma) labeled with fluorescently labeled secondary antibodies. Actin fibers and nuclei were stained with phalloidin conjugated Alexa-Fluor 633 (Sigma) and DAPI (Sigma). Samples were imaged with a LSM 5 LIVE laser scanning confocal microscope (Carl Zeiss). For the myocytes, the sarcomeres were visualized by staining the Z-disks with monoclonal mouse anti-(sarcomeric a-actinin) primary antibody (Sigma) followed by staining with fluorescently labeled secondary antibodies. Samples were then concurrently stained with DAPI (Sigma) and phalloidin conjugated to Alexa-Fluor 488 (Invitrogen).
Results
Construction of cardiovascular muscular thin films
Muscular thin films were engineered using both cardiomyocytes (cMTFs) and vascular smooth muscle cells (vMTFs). MTFs are constructed by seeding dissociated muscle cells on a multilayer polymer substrate (Fig. 3A) . PIPAAm is spin coated onto a glass cover slip and PDMS is spin coated onto of the PIPAAm layer. The cells are seeded on ECM proteins micropatterned onto the PDMS layer. When the media temperature is lowered below 35 C, the PIPAAm dissolves and the MTF is released and free floating (Fig. 3A) . The radius of curvature of the resulting bilaminate structure is indicative of the stress in the cell layer.
In order to guide alignment of the cells, lines of ECM proteins (FN or LAM) were microcontact printed onto the PDMS (Fig. 3B) . AFM surface scanning revealed that this ECM pattern is approximately 10-20 nm in thickness ( Fig. 3C and D) . When cells are cultured on the patterned ECM, they spontaneous organize into a contiguous tissue that is aligned with the patterned matrix lines. In these cells, the long axis of the cell and the nuclear eccentricity parallel the underlying matrix pattern. Fluorescent staining of the fixed tissues reveals that the actin aligns with the underlying matrix in the vascular smooth muscle (Fig. 3E ). In cardiac muscle (Fig. 3F ) the sarcomeric Z-lines are perpendicular to the matrix. In both cases, the cytoskeletal architecture indicates that the primary axis of contraction is in the longitudinal direction.
Cardiac muscular thin films
Cardiac ventricular MTFs were used to measure systolic contraction stress and contractile wave speed in engineered myocardial tissues. The cMTFs were engineered as anisotropic, with uniaxial cellular alignment (Fig. 4A) . Imaging of the Z-disks by immunostaining sarcomeric a-actinin confirmed that alignment of the myofibrils was also anisotropic (Fig. 4B) . The cMTFs were mounted in a bath with a PDMS clamp to firmly hold the cMTF in place during rapid movement and parallel platinum wire electrodes to field stimulate muscle contraction (see Fig. 1 ). During diastole, the cMTF may have a baseline curvature due to resting tension in the tissue construct ( Fig. 4C ). During contraction, the radius of curvature decreases dramatically (Fig. 4D ), due to cardiomyocytegenerated stress of 13.9 kPa (Fig. 4E , field stimulated at 0.5 Hz). In this set of experiments, three cMTFs built from the ventricular myocytes harvested from two different rat pup litters produced a mean peak systolic stress of 9.2 AE 3.5 kPa.
The cMTF goes through substantial bending and deformation during contraction, however, because the cMTF is a thin beam, the actual shortening of the cardiomyocytes is <1%, i.e. contraction is isometric. Knowing the stress generated by the cMTF and the elastic modulus of the cardiomyocytes (E ¼ w30 kPa) [25] , the unconstrained shortening was estimated as 25% at peak systole (Fig. 4F) . The accurate measurement of the cell and PDMS layer thicknesses are critical for calculating the contraction stress ( Fig. 5A and B ) and unconstrained shortening ( Fig. 5A 0 and B) . The elastic modulus of the cell layer, however, has little affect on the calculated stress ( Fig. 5C ) but does have a significant effect is on the calculation of l a (Fig. 5C 0 ) , so calculating unconstrained shortening is strongly dependent on accurate cell modulus measurements.
The cMTF system is able to provide an estimate of the contractile wave velocity based on the mechanical deformation of the cMTFs. Tracking the mechanical wave requires that contraction in the cMTF initiates at one end and propagates to the other. Spontaneous contraction of cMTFs often initiated at the free end and propagated to the base (Fig. 4G, Supplementary Movie S2) . Tracking the initial position and propagation of maximum curvature along the cMTF from the initiation of contraction until peak systole (uniform curvature) enabled estimation of contractile wave propagation. In the example shown here, the contractile wave speed was 1.875 cm/s (Fig. 4G, white ''*'') , comparable to the velocity of the mechanical wave reported using phase imaging techniques [26] . The beam is assumed to be straight and stress free in the undeformed configuration. In the deformed configuration, the beam is assumed to have a uniform curvature. (B) The analysis assumes that if the PDMS layer and cell layer are decoupled the cell layer will undergo a stress-free deformation described by F a . The true, measured, deformation is given by F. The elastic deformation is given by F e and is defined as 
Vascular muscular thin films
Vascular MTFs were used to demonstrate the potential of this method as a pharmaceutical screening assay. Human umbilical artery VSMCs were engineered as anisotropic monolayers aligned parallel to the long axis of the MTF (Supplementary Movie S3) . The vMTFs were adhered to PTFE coated posts via hydrophobic interaction with the PDMS (Fig. 6A ). This arrangement allowed multiple vMTFs to be viewed concurrently. Here, eight vMTFs were tested using this assay. The fluorosphere doped PDMS could be viewed using fluorescent stereomicroscopy ( Fig. 6B and C) . In this arrangement, the films are easily approximated as circular arcs (Fig. 6D) .
The vMTFs were treated with the endothelium-produced vasoconstrictor endothelin-1 followed by the rho-kinase inhibitor HA-1077, in order to calculate all of the relevant stress states of The anisotropic cardiac MTF undergoes isometric contraction shortening <1% at peak systole, however knowing the stress generated by the muscle and the elastic modulus of the cells (E w30 kPa) the unconstrained shortening can be estimated as w25% at peak systole (dashed line, see Online Methods for details). (G) Velocity of the contractile wave can be calculated from the spontaneous contraction of an anisotropic cardiac MTF from diastole at t ¼ À0.16 s (red) and observing deformation at subsequent time points (green) from the initiation of contraction at the free end of the MTF (yellow arrow, t ¼ 0) that propagates to the base of the MTF (t ¼ 0.16 s) and then relaxes back to it diastolic state (t ¼ 0.36 s). Image processing of the sequence in to track the location of the contractile wave (white '*') based on the position of maximum curvature (smallest radius of curvature). Scale bars are (A) 100 mm, (B) 20 mm and (C,D, and G) 1 mm. Fig. 5 . Analysis parameter study. (A-C) Calculated stress for a given observed curvature for varying PDMS thickness, cell layer thickness and cell modulus. (A 0 ,B 0 ,C 0 ) For the same parameter variations, the stress-free shortening of the cell layer necessary to generate the observed curvature. Note that cell modulus has virtually no affect on cell stress but has a large affect on stress-free shortening. arterial muscle. The vMTFs had an initial stable baseline curvature ( Fig. 6F) indicating that the cells generated a basal stress, defined as the sum of the passive residual stress and the basal contractile tone, of 17.1 AE 1.7 kPa (Fig. 6G ). This value represents the resting tension of the tissue. At time 0, the vMTFs were stimulated with 50 nM ET-1, inducing contraction, which caused a decrease in their radii of curvature ( Fig. 6F, Supplementary Movie S4) as the cell generated stress increased by 5.06 AE 0.75 kPa (Fig. 6G) . Treatment with 100 mM HA-1077, a rho-kinase inhibitor, caused a rapid increase in radius of curvature (Fig. 6F ), due to inhibition of contraction (Fig. 6G) , and resulted in a stress of 3.1 AE 0.8 kPa. The HA-1077 dosage is sufficient to inhibit all myosin light chain phosphorylation [27] , so this value represents the residual stress [22, 28] , or the stress generated by the cytoskeletal elements not involved in the contractile apparatus, but which remains after all other loads are removed. By comparing the residual stress following HA-1077 treatment to the pre ET-1 treated tissue, we can determine that the vMTFs had a basal contractile tone of 13.1 AE 2.1 kPa. This protocol demonstrates that the vMTFs are able to mimic well documented native vascular behavior and implies that this assay could be used to test the effects of pharmaceutical agents on vascular contractility.
Discussion
Mechanical forces drive numerous cardiovascular processes from morphogenesis during embryonic development [29] to tissue remodeling during adulthood [30] . Maladaptive responses to stresses potentiate a number of cardiovascular diseases, including cardiac hypertrophy [31] and vascular aneurysms [32] . The MTF assay provides a simple method for calculating tissue-level stresses in vitro with a preparation that recapitulates the tissue microenvironment, while avoiding complicating factors inherent to in vivo systems. This approach enables the exploration of the effects of tissue architecture, pharmacologics, and other experimental interventions and allows direct comparison with organ-level contractile function. Moreover, the use of standard optical techniques makes the MTF assay simpler than traditional contractility assays that require force gauges or complex transducers.
Here, we validated our system using engineered CV muscle tissues from both cardiomyocytes and vascular smooth muscle cells. The cMTFs were engineered to mimic ventricular lamellae. The measured peak systolic stress and constrained shortening are comparable to isometric measurement of isolated papillary muscle [33] (Fig. 4E) . Thus, the cMTF system we have developed recapitulates both the anisotropic alignment of normal cardiac muscle and physiologically relevant, systolic stress levels.
A unique aspect of the MTF contractility assay is the capability to track local changes in radius of curvature along its length during the cardiac cycle ( Fig. 4G ). Previous work demonstrated the coupling of the action potential and contractile waves during spiral wave reentry, suggesting that there is information content in the contractile wave that indicates the degree of coupling between cells in a tissue [34] . Further, we can detect dyssynchronous contraction when the mechanical wave fails to propagate, or initiates at multiple locations at the same time, resulting in a fluttering cMTF with no discernable deflection (Supplementary Movie S5). Thus, a broad range of qualitative and quantitative data can be extracted from the assay by proper frame by frame analysis of the deformation.
The vMTFs were used to mimic the lamellae of the arterial tunica media. The vMTF assay confirms the presence of functional ET-1 receptors in the engineered smooth muscle and is able to accurately quantify the magnitude of induced contraction [12] . Concurrent monitoring of eight vMTFs contracting and relaxing ( Fig. 6B -G) demonstrates that this technique produces engineered smooth muscle that repeatability responds to pharmacologic stimulation at physiologic stress levels [35] . Moreover, this assay demonstrates that MTFs can provide a method for studying diseases and potential therapeutic interventions, with the potential to significantly scale up the throughput. As an early screening method, this high-fidelity, in vitro contractility assay could be used to directly test the effect of drugs on contractility and potentially decrease the high failure rate of cardiovascular drugs, as currently, novel molecules reaching Phase 1 clinical trials for cardiovascular drugs have a completion rate of less than 20% [36] . Similar methods have used a modified Stoney's equation to calculate cardiomyocyte stress [13] [14] [15] . The method described here is a marked improvement on this previous approach because Stoney's equation assumes that the cell layer is thin compared to the substrate and undergoes isotropic contraction. Our method is specifically derived to study aligned tissues with orthotropic contraction, which is more representative of in vivo muscle structure. Further, this method makes no assumptions about the relative thicknesses of the layers and is thus equally accurate for a wide range of substrate and tissue thicknesses.
Because MTFs employ a single monolayer of cells, they are not perfusion limited, as are many tissue engineered constructs. Additionally, the similarity of this assay and traditional in-dish 2-D culture means that MTF results can be directly compared to common biological assays done on plated cells. Moreover, MTFs are potentially deployable in vivo therapeutically, meaning that an in vitro construct's physiological quality can be assessed prior to implantation. Finally, the assay could be extended to striated skeletal and pulmonary, bladder or uterine smooth muscles. Further development should enable assessment of non-muscle tissues such as skin, myofibroblast-rich wounds and other epithelial layers such as the cornea, where contractility is an often neglected but critically important component of tissue function.
Conclusions
Here, we report a method for measuring stress in engineered cardiovascular tissue using biohybrid thin films constructed from muscle cells micropatterned onto thin flexible PDMS sheets. We have also developed an elasticity based analysis for calculating the contraction stress generated by this engineered muscle. This method was validated using both rat cardiac myocytes and human umbilical artery vascular smooth muscle cells. End-systolic contraction stress and contractile wave speed were measured in electrically stimulated cardiomyocyte constructs, while pharmacologically induced contraction and relaxation were measured in the VSMC constructs. These proof-of-concept experiments demonstrate two key advantages of this MTF assay compared to existing approaches. (i) MTFs can be engineered with consistent tissue microstructures that generate repeatable contractile properties. (ii) High-speed, high-resolution digital imaging of MTF curvature enables even small forces (<1 kPa) to be measured with excellent signal-to-noise ratios. Additionally, the stress sensitivity of the MTF can cover a wide physiologic range by tuning the substrate thickness. Thus, this assay has potential for broad applicability in any stress-bearing cell type.
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